Recently, electric vehicles fed by inverters, and vector control have come into wide use. Vector control without speed sensor is at a practical stage for commercial trains 1), 2) . So, future electric locomotives and electric multiple units without speed sensors should have at least the same adhesion performance as alternatives with speed sensors.
Anti-slip and readhesion control of railway vehicles has also taken a great progress by utilizing wheel axle speed information (pulse generator)
3), 4), 5), 6), 7) . When vector control without speed sensor is used, it is desirable not to use speed sensors for re-adhesion control, in order to maintain performance.
We propose a method of slip detection without speed sensor by focusing on the currents of each motor. The effectiveness of the proposed method has been verified by simulation and running tests using a Shinkansen train. Using this method, even small wheel slips can be detected. The performance of this control is expected to be as high as that of the control with speed sensors.
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In consideration of our past experience 8) , we are proposing the following anti-slip readhesion control without speed sensors 9), 10) .
1) We focus on multiple-motor drive that is widely used for EMUs. 2) We propose to detect the currents of each traction motor. Normally, the inverter output current (i.e. the total motor current) is used for inverter control for multiple-motor drive. 3) We obtained the wheel axle accelarlation from the differentiation of traction motor rotational speed that is derived from the inverter frequency and slip frequency. If the motor flux is constant, the slip frequency is proportional to the q-axis component of the motor current. In vector control therefore, we can obtain the slip frequency of each traction motor from the relevant motor current. 4) We obtained the slip velocity from the current difference of traction motors. The difference due to the imbalance of wheel diameters or motor characteristics can be compensated for at the time of motor field excitation or adhesion run, for example. In this chapter, we explain a simple case where one inverter feeds two traction motors including our proposal to detect the current of each traction motor.
A. Motor Drive System Figure 1 shows a block diagram of the multiple-induction-motor drive system including our proposal to detect the current of each traction motor. The state equations of induction motor and drive system on the d-q coordinates used for simulation are as follows.
, , The torque τ e is expressed as ( )
B. Motor Current Behavior Figure 2 shows the diagram of the relation between the voltage and current vectors.
The phases and amplitudes of the primary-current vector i 1_1 and i 1_2 supplied to each induction motor are identical under adhesion.
The behavior of stator current vector without automatic current regulator (ACR) when the No.2 axle slips is shown in Fig. 2 .
The stator current i 1_1 of IM1 holds the same value. On the other hand, the stator current i 1_2 of IM2 becomes i 1_2 ' , and the slip angular velocity ω s_2 of IM2 and torque current i 1q_2 decrease due to slips. As a result, the torque of IM2 τ e_2 decreases, too. 
C. Relation between Speed Difference and Current Difference
This paragraph describes the relation between the speed difference and current difference in two motors.
The speed difference and current difference are defined as follows.
i 1q and i 1d are constantly controlled by the vector control method. The slip angular velocity difference ∆ωs in two motors when a slip occurs is calculated by using the following equation of approximation.
( )
where ∆ωs is defined as the calculated slip angular velocity difference.
The axle speed difference ∆Vt km/h is calculated by the difference of the torque component current of each motor as
Since the torque current of each induction motor behaves as mentioned above, a threshold is set in the torque current difference between two motors to detect slips. 
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The torque τ e_2 is calculated by the following approximate expression, where φ 2d * is a reference value of rotor flux linkage reference value.
Since speed sensors are not used, dω 2n_2 /dt is calculated from Eq. (11).
The slip angular velocity ω s_2 of IM2 is expressed by Eq. (12) in adhesion run.
The flux φ 2d_2 hardly changes when the No.2 axle starts slipping. Therefore, the differentiation of ω s_2 is approximated by Eq. (13).
Substituting Eq. (13) into Eq. (11) and some manipulation of Eq. (9) lead to the load torque that is equivalent to the calculated value of decreased adhesion coefficient.
It is possible to recover the torque current on the basis of these calculated value after readhesion. IV IV IV IV IV. SIMULA . SIMULA . SIMULA .
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In this chapter, we perform simulation to verify the effectiveness of the proposed anti-slip readhesion control method with a two-motor (IM1 and IM2) drive system fed by one inverter. In case of the slip detection system with speed sensor, a speed difference of 0.8km/h (between the vehicle speed and the speed of slipping wheel) and the wheel acceleration of 5km/h/s are set as thresholds. Normally the threshold value of 0.5km/h is the limit of the conventional anti-slip readhesion control with speed sensor. In the case of a proposed control without speed sensor, slips are detected by the torque current difference of 30A between the two motors. The current difference of 30A corresponds with approximately speed difference of 0.2km/h. In the simulation, adhesion i.e. load torque τ e_2 is suddenly decreased when the time is 0.1sec. The amount of adhesion drop is 10% in Figs. 6, 7 and 8. Figure 6 shows the simulation results of torque and current in case of conventional anti-slip readhesion control with speed sensor. It is difficult to detect small slips by the conventional control method with speed sensor (Fig.   9 ). Therefore, the torque τ e_1 of the adhesion axis (IM1) increases, which will cause an all-axle slip. Figure 7 shows the simulation results when a slip is detected without speed sensor. By the proposed method of slip detection based on the current difference, slips were detected very quickly. However, the No.2 axle slips again when torque is recovered after readhesion. From our experience of running tests with anti-slip control without calculated adhesion force, stick-slip repetition like shown in Fig. 7 occurs when the adhesion force is much lower than tractive force 7) . Figure 8 shows the characteristics of readhesion control with our proposed adhesion force calculated. The calculated adhesion force is almost the same as the decreased adhesion. This means that the calculated adhesion force is appropriate. Figures 7 and 8 prove the effectiveness of the pro- 
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This chapter describes the relation between wheel peripheral speed and motor current, which was measured in running tests of a Shinkansen train. Figure 9 shows the tested electric multiple unit (EMU) that was used for the test. We sprayed water on the rail in front of the No. 4 axle on the vehicle No. 3 for measurement. Figure 10 shows a diagram of the main traction circuit. An inverter with vector control feeds four traction motors. Figure 11 shows the results of a slip test. Slips occur in three intervals, from 17 to 20seconds, from 22 to 28seconds and from 33 to 38seconds. In this paper, we analyzed in the first time interval, 17 to 20sec-onds, when slips were not detected. In this time interval, Fig. 7 Anti-slip readhesion control simulation results (10% Fig. 7 Anti-slip readhesion control simulation results (10% Fig. 7 Anti-slip readhesion control simulation results (10% Fig. 7 Anti-slip readhesion control simulation results (10% Fig. 7 Anti-slip readhesion control simulation results (10% decrease in adhesion force without speed sensor) decrease in adhesion force without speed sensor) decrease in adhesion force without speed sensor) decrease in adhesion force without speed sensor) decrease in adhesion force without speed sensor) Fig. 8 Anti-slip readhesion control with calculated Fig. 8 Anti-slip readhesion control with calculated Fig. 8 Anti-slip readhesion control with calculated Fig. 8 Anti-slip readhesion control with calculated Fig. 8 Anti-slip readhesion control with calculated adhesion force (10% decrease in adhesion force, adhesion force (10% decrease in adhesion force, adhesion force (10% decrease in adhesion force, adhesion force (10% decrease in adhesion force, adhesion force (10% decrease in adhesion force, w the No. 4 axle starts slipping first, because of the sprayed water in front, and then other axle follow suit. As described above, the torque of the slipping axles decreases and that of the adhering axles increases. Figure 12 shows the linearity between current difference and speed difference. Equation (14) 
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Even if a speed sensor is not used, the threshold for slip detection can be set up based on the current difference and motor parameters. Figure 13 shows the relation between the speed difference ∆Vt(1-4) calculated from PG sensors and the difference ∆Vt'(1-4) estimated from the current difference.
These two values agree well with each other. From this characteristic, it is expected that not only the speed difference but also acceleration for slip detection can be estimated satisfactorily. This paper proposed a novel anti-slip readhesion control method without using speed sensors for electric railway vehicles for multiple-induction-motor drive type, as summarized below. 1) We propose to detect slips by finding the torque current difference between induction motors. 2) The proposed method makes it easier to detect small slips without speed sensors.
3) The proposed anti-slip readhesion control without speed sensors is verified by simulation and running tests.
